The seeds of three soybean genotypes with black, green, and yellow seed coat colors were treated with gamma irradiation at a dose of 0.5, 2.0, and 5.0 kGy. The ability to inhibit iron-induced lipid peroxidation, superoxide anion scavenging activity, and metal chelation activity were observed to be increased at 0.5 kGy. However, bleomycin-dependent DNA oxidation was significantly increased in all three genotypes at 2.0 kGy. Reducing power in green and yellow genotypes was also observed to be higher at 2.0 kGy. The black genotype showed decreased LPO and higher antioxidant properties as compared to other genotypes.
INTRODUCTION
Commercial soybean cultivars in major soybean growing regions are predominantly yellow. However, some medicinal and vegetable type soybeans have black and green seed coats. Inclusion of soybean in a daily diet has gained worldwide importance due to the presence of health-promoting nutrients. Health-promoting effects of soybean are largely due to the high content of proteins, essential amino acids, omega 3 fatty acid, vitamin E, vitamin C, isoflavones, and polyphenols. Due to the presence of these phytochemicals, soybean has been shown to have beneficial effects in the prevention of cancer, cardiovascular diseases, osteoporosis, and menopausal symptoms. [1, 2] In recent years, the role of phytochemicals present in foods, such as flavonoids, and other phenolic compounds have been identified to be potent antioxidants as well as anticarcinogenic agents. [3, 4] Vitamins C and E are free radical scavengers in soybean along with other antioxidants and polyphenols. The free radical causes cellular injury, the consequences of which are often exhibited and measured as lipid peroxidation (LPO). [5] Since LPO is involved in cellular injury and inflammatory reactions, the ability to inhibit iron catalyzed peroxidation may represent one of the mechanisms by which these dietary constituents can exhibit antioxidant properties. The antioxidants may specifically quench free radical, chelate redox metals, or interact with other antioxidants and regenerate them.
DIXIT ET AL.
The processing of soybean in different ways causes a variety of changes in the phenolic phytochemicals and antioxidant activities of soybean. The quarantine treatment by gamma irradiation up to a dose of 1.0 kGy has been recommended for legumes, including soybean, whereas exposure of up to 5.0 kGy has been used for improvement of quality characters, such as reduction in cooking time and improvement in texture without providing off flavor. [7] Anti-oxidative activity is an index of the quantitative and qualitative profile of various antioxidants present in seeds to minimize the effect of oxidative stress. In our recent study, gamma irradiation induced enhancement of antioxidant constituents such as isoflavones, total phenol, anthocyanin, and some of the antioxidant properties were reported. [8] In the present work, further study concerning the effect of gamma irradiation on other anti-oxidative properties, such as inhibition of iron induced LPO; superoxide anion scavenging activity (SASA); metal chelation activity (MCA); bleomycin dependent DNA damage; and reducing power (RP) of yellow, green, and black soybean seeds has been reported.
MATERIALS AND METHOD
Three soybean genotypes, namely, Kalitur, Hara soya, and NRC37 (Ahilya 4), were raised following standard agronomic practices in 5 m long single row plots with 45 cm of space between the rows, in the experimental field of Directorate of Soybean Research, Indore (22 • N), situated in the Malwa region of Madhya Pradesh, India. Seeds of all three genotypes were harvested at their respective maturity and used for further analysis.
Experimental Animals
The animal care and experimentation were conducted according to the standard guidelines of the Animal Ethical Committee of the Institute. Male albino rats of Wistar strain weighing 150-180 g were housed in the polypropylene cages and had free access to diet (Godrej Agrovet, India Ltd.) and drinking water. The animals were fasted for 24 h before the sacrifice.
Chemicals
All the chemicals and organic solvents used in this study were of analytical and HPLC grade. Acetonitrile (ACN), 1, 1, 3, 3-tetraethoxypropane (TEP), 2-thiobarbituric acid (TBA), trichloro-acetic acid (TCA), nitroblue tetrazolium (NBT), nicotinamide adenine di-nucleotide (NADH), and butylated hydroxytoluene (BHT) were procured from Sigma Chemical Co. (St. Louis, MO, USA).
Gamma Irradiation
Fifty grams of seeds for each of the soybean genotypes (Kalitur, Hara soya, and NRC37) with black, green, and yellow colored seed coats, respectively, were exposed to a dose of 0.5, 2.0, and 5.0 kGy gamma rays in a gamma cell GC 5000 with 60 Co source (dose rate 0.09072 kGy/min) installed at Bhabha Atomic Research Centre, Trombay, Mumbai, India. The condition for seed irradiation and dosimetry were as reported earlier. [8] The treated seeds along with the unirradiated parental control were used for the biochemical studies.
Extraction of Antioxidants from Seeds
Oven-dried (50
• C) irradiated seeds of different colored soybean genotypes were finely ground into fine flour. Soy flour (1.0 g) was extracted with 10 ml of 70% aqueous acetone at 25
• C overnight. The mixture was centrifuged at 1000 g for 10 min. [9] The residue was re-extracted with 5 ml of the 70% acetone. Both extracts were combined and stored at 4
• C in the dark for analysis of SASA, MCA, bleomycin dependent DNA damage, and RP. The extraction and analysis were performed in the replicate of four.
Sample Preparation for Determination of LPO
The animals were anesthetized with chloroform and were sacrificed by decapitation. The liver tissue was excised, weighed, and homogenate (20%) was prepared in 1.15% KCl using the Potter-Elvehjem homogenizer. Post mitochondrial supernatant (PMS) was prepared by centrifugation of homogenate at 16,000 g for 30 min (Remi Motors Equipments, Mumbai, India). To 1 ml of PMS, 0.02 ml of the soybean extract was added. The LPO was initiated by adding 0.5 ml of 10 µmol/L FeCl 3 and the samples were incubated at room temperature for 1 h. LPO in the presence of FeCl 3 for 1 h without soybean extract was used as the control. For alkaline hydrolysis of protein bound MDA, 0.4 ml of 6 mol/L NaOH was added and the samples were incubated at 60
• C in a water bath for 45 min followed by centrifugation at 2000 g for 5 min. The supernatant (1 ml) was diluted with an equal amount of ACN to precipitate proteins. The resulting suspension was then vortexed for 30 sec and centrifuged at 5000 g for 10 min. The clear supernatant (0.5 ml) was transferred to 1.5 ml Eppendorf tube and mixed with 0.05 ml of dinitrophenyl hydrazine (DNPH) solution (5 mmol/L in 2 mol/L HCl, pH 0.09) and incubated for 10 min at room temperature. [10] HPLC Analysis of MDA A syringe filtered (Whatman, 0.2 µm) 20 µL sample was injected into an HPLC system (ACME 9000; Young Lin, Anyang-si, Kyounggi-do, Korea), equipped with a UV detector with a C-18 silica column (5 µm with dimension of 150 × 4.6 mm; Supelco, St. Louis, MO, USA). The mobile phase was ACN-distilled water (38:62, v/v) containing 0.2% (v/v) acetic acid. The HPLC system was in an isocratic condition at a flow rate of 1 ml/min and absorbance was set at 310 nm. The concentration of MDA in the sample was calculated by software Autochro 3000 (Anyang-si, Kyounggi-do, Korea) after superimposing the chromatogram of the sample on the standard curve prepared from 1,1,3,3 tetraethoxypropane (TEP) and was expressed as nmol of MDA formed/mg of protein.
Superoxide Anion Scavenging Activity
The measurement of the superoxide anion (O 2
•-) scavenging activity of the test samples was based on the method described by Liu et al., [11] with some modifications. The decrease in absorbance at 560 nm with antioxidants indicates the consumption of superoxide anions in the reaction mixture. The superoxide radical was generated in 3 ml of 16 mmol/L Tris-HCl buffer, pH 8.0 containing 1 ml of 50 µmol/L NBT, 1 ml of 78 µmol/L NADH, and various volumes of soy extracts containing 3.3, 6.6, 9.9, and 13.2 mg of soy flour. The reaction mixture was incubated at 25
• C for 5 min and the absorbance was read at 560 nm. The decrease in absorbance of the reaction mixture indicated increased superoxide anion scavenging activity. The percentage inhibition of superoxide anion generation was calculated using the following formula:
where A 0 was the absorbance of control and A 1 was the absorbance of test samples.
Metal Chelating Activity
The chelation of Fe 2+ by the soybean extracts was measured according to the method of Carter. [12] Briefly, different volumes of soy extracts containing 3.3, 6.6, 9.9, and 13.2 mg of soy flour were incubated with 0.05 ml FeCl 2 .4H 2 O (2 mmol/L). The reaction was initiated by the addition of 0.2 ml ferrozine (5 mmol/L), and the total volume was made to 0.8 ml with methanol. After 10 min, the absorbance at 562 nm was read. EDTA, as it chelates Fe 2+ , served as positive control and showed no absorbance, while the sample without EDTA served as the negative control:
Bleomycin Dependent DNA Damage
Damage to DNA in the presence of a bleomycin-Fe complex has been adopted as a sensitive and specific method to examine potential pro-oxidant agents. [13] If the samples to be tested are able to reduce the bleomycin-Fe 3+ to bleomycin-Fe 2+ , DNA degradation in this system will be stimulated, accompanied by the formation of a product similar to MDA. The assay was done according to Aeschbach et al., with minor modifications. [14, 15] The reaction mixture (0.5 ml) contained DNA (0.25 mg), bleomycin sulfate (0.025 mg), MgCl 2 (5 mmol/L), FeCl 3 (50 µmol/L), and various volumes of soy extracts containing 3.3, 6.6, 9.9, and 13.2 mg of soy flour. The mixture was incubated at 37
• C for 1 h. The reaction was terminated by the addition of 0.05 ml EDTA (0.1 mol/L). The color was developed by adding 0.5 ml TBA (1% w/v) and 0.5 ml HCl (25% v/v) followed by heating at 80
• C for 10 min. After centrifugation, the extent of DNA damage was measured by the increase in absorbance at 532 nm.
Reducing Power
The RP of the test samples was determined according to the method of Oyaizu. [16] The reductive ability was measured by the reduction of FeCl 3 in the presence of soybean extracts. To soy extracts containing 3.3, 6.6, 9.9, and 13.2 mg of soy flour, 2.5 ml of 0.2 mol/L phosphate buffer, pH 6.6, and 2.5 ml of 1% potassium ferricyanide [K 3 Fe (CN) 6 ] was added. The mixture was incubated for 20 min followed by the addition of 2.5 ml of 10% TCA and the solution was centrifuged at 1000 g. The upper layer of the solution (2.5 ml) was mixed with an equal volume of distilled water and 0.5 ml of 0.1% FeCl 3 . The absorbance was measured at 700 nm. The higher absorbance of the reaction mixture indicated greater reducing power.
Statistical Analysis
All the data presented was arranged in completely randomized design and values given were the means of four independent determinations with standard error. The statistical significance of the data was tested by using Tukey's test at P < 0.05 by SPSS evaluation Version 14 (IBM, Chicago, IL, USA).
RESULTS

Inhibition of Lipid Peroxidation
The ability to inhibit iron-induced LPO in rat liver PMS by unirradiated and irradiated soybean genotypes with varying seed coat color was assessed and expressed as nmol of MDA formed/mg of protein (Table 1) . Control in the presence of FeCl 3 without soy flour showed maximum MDA equivalents. Kalitur genotype showed highly significant inhibition of iron-induced LPO followed by Hara soya and NRC37 in unirradiated samples as compared to control in presence of FeCl 3 . All three genotypes showed significant decrease in LPO at 0.5 kGy and 2.0 kGy as compared to unirradiated control. Kalitur and Hara soya showed decreased LPO up to 5.0 kGy, while the decrease in LPO in NRC37 was not significant at 5.0 kGy as compared to the control in the presence of FeCl 3 . The effect of irradiation in lowering the LPO was highest in Kalitur followed by Hara soya and NRC37 at all irradiation doses.
Inhibition of Superoxide Anion Scavenging Activity
Various concentrations of irradiated soybean flours were used to find the % inhibition of superoxide radical generation (Table 2 ). Significant genotypic variation was observed for SASA (P < 0.05) in all of the three soybean genotypes viz. black, green, and yellow. The highest SASA was exhibited by Kalitur followed by NRC37 and Hara soya genotype in control i.e., unirradiated soybean flour. The three genotypes showed an increase in SASA at a 0.5-kGy dose of irradiation at all the concentrations of soybean used as compared to ↑ and ↓ represent increase and decrease in SASA at P < 0.05, as compared to the respective concentration of unirradiated control. the respective concentration of the unirradiated control. Hara soya and NRC37 exhibited two folds increase in SASA at 0.5 kGy at the lowest concentration of soy extract. Hara soya genotype showed significant increase in SASA at all the three gamma irradiation doses in comparison to respective concentration of unirradiated soy flour. However, a significant decrease was observed for SASA at 5.0 kGy in Kalitur and NRC7 genotypes as compared to the unirradiated control.
Metal Chelation Activity
The MCA of the irradiated soybean genotypes was expressed as % metal chelation ( Table 3 ). The % MCA increased with increasing amount of unirradiated soybean flour samples. The highest MCA was exhibited by Hara soya followed by Kalitur and NRC37 genotype at the lowest concentration in unirradiated control. All three genotypes showed an increase in the MCA of soy flour at 0.5 kGy. Hara soya and Kalitur exhibited maximum increase of 91% and 41% in MCA at a dose of 0.5 kGy, while NRC37 showed 97% increase in MCA at 2.0 kGy at lowest concentration of soy flour as compared to unirradiated control. MCA of NRC37 genotype showed significant increase, while MCA of Kalitur and Hara soya remained unchanged at all concentrations of soy flour at 2.0 kGy as compared to the respective concentration of unirradiated control. However, at 5.0 kGy radiation dose, the MCA decreased in Hara soya but was not significantly altered in Kalitur and NRC37 genotypes as compared to unirradiated control.
Bleomycin Dependent DNA Oxidation
The bleomycin dependent DNA oxidation of the irradiated soybean genotypes was expressed as absorbance at 532 nm (Table 4) . Bleomycin dependent DNA damage ↑ and ↓ represent increase and decrease in SASA at P < 0.05, as compared to the respective concentration of unirradiated control. increased with increasing amount of soybean flour. The highest bleomycin dependent DNA oxidation was exhibited by Kalitur followed by NRC37 and Hara soya genotypes in unirradiated control. Maximum increase in bleomycin dependent DNA oxidation at the lowest concentration of soy flour was 60 and 29% exhibited by NRC37 and Kalitur, respectively, while Hara soya showed only 33% increase at a dose of 2.0 kGy as compared to unirradiated control. However, bleomycin dependent DNA oxidation remained constant at the lowest concentration of soy flour in all of the three genotypes at 5.0 kGy as compared to the unirradiated control.
Reducing Power
The RP of the irradiated soybean genotypes was expressed as absorbance at 700 nm ( Table 5 ). The RP was maximum for Kalitur followed by Hara soya and NRC37 in unirradiated control samples. The RP of all three genotypes increased on increasing the amount of soy flour. No significant difference was observed for RP of all three genotypes at 0.5 kGy as compared to unirradiated control. However, an increase of 40 and 16% in RP was exhibited by NRC37 and Hara soya, while RP of Kalitur remains constant at 2.0 kGy as compared to unirradiated control. Hara soya and NRC37 showed no significant change in RP, while Kalitur showed a decrease in RP at 5.0 kGy as compared to unirradiated control.
DISCUSSION
In plant tissue many phenolic compounds, such as flavonoids, tannins, and lignins precursor, may act as antioxidants by scavenging reactive oxygen species (ROS). Antioxidant activity may be related to the polyphenol and flavonoids content, since it has been reported that phenolic compounds can break the chain reaction of lipid by scavenging several ROS and inhibiting chemiluminesence reactions. [17] In the present study, the inhibition of iron-induced LPO by soybean genotypes has been attributed due to its antioxidant properties. Kalitur genotype extract exhibited higher ability to inhibit in vitro LPO due to presence of high phenolic compounds. Other studies also showed free radical scavenging activity and inhibition of in vitro LPO by soybean extract by thiobarbituric acid reactive substances (TBARS) measurement. [18] However, Stajner et al. found no significant change in LPO in gamma irradiated soybean seeds at 1-10 kGy by TBARS measurement. [19] It is probable that Stajner et al. [19] were not able to detect the changes due to measurement of TBARS, which is not so specific as compared to the HPLC method used in the present study. The gamma irradiation of soybean seeds increased the ability to scavenge ROS as indicated by SASA. SASA as well as MCA may be important factors in the inhibition of LPO as reported earlier. Soybean extract may scavenge superoxide anion and chelate metal ions to make them unavailable for iron-induced LPO.
The soybean extracts were able to reduce bleomycin-Fe +3 to bleomycin-Fe +2 in this system due to their reducing power. Kalitur, due to its higher reduction potential in the presence of bleomycin sulfate, showed increased DNA oxidation, while NRC37 and Hara soya due to their lower reducing potenial showed lesser DNA oxidation in unirradiated control. There are no reports available on SASA, MCA, and bleomycin-dependent DNA damage in gamma-irradiated soybean seeds with varying seed coat color, and probably this is the first such report. The results indicate that the soybean extract of the three genotypes have high potential of inhibition of LPO, SASA, MCA, bleomycin-dependent DNA damage, and reducing ability. Various amounts of soy flour were taken in the study in order to find whether the antioxidant properties are concentration dependent. The results indicate a concentration-dependent response of antioxidant properties in all three soybean genotypes. Other authors also reported that Kalitur and Hara soya have higher antioxidant properties, such as inhibition of peroxide formation, inhibition of deoxyribose degradation, and ferrous ion chelating capacity. [20] The antioxidant status as shown by free radical scavenging activity and anthocyanins content in black genotype was observed to be higher as compared to green and yellow soybean. [21] Black soybean genotype has been shown to possess higher antioxidant constituents and, hence, higher antioxidant properties than green and yellow genotypes. [22, 23] The present work indicates that gamma irradiation at low doses of 0.5 and 2.0 kGy, enhanced the antioxidant properties of soybean seeds. In an earlier study, gamma radiation induced enhancement of antioxidant activity using free radical scavenging activity has been reported in soybean. [24] Recent studies by us have also indicated that gamma irradiation induces enhancement of isoflavones, phenols, and anthocyanin and antioxidant properties, such as free radical scavenging activity using 2,2 diphenyl-1-picrylhydrazyl and total antioxidant potential using ferric reducing antioxidant power of these soybean genotypes. Increased antioxidant activity of soybean genotypes at low dose of gamma irradiation may be attributed to the increased levels of total phenolic content. [8] Kalitur with black seed coat has higher antioxidant properties than green and yellow genotypes viz. Hara soya and NRC37. However, the enhancement in antioxidant properties like SASA, MCA, and RP due to gamma irradiation were more pronounced in Hara soya and NRC37 than Kalitur. It is suggested that as Kalitur possesses higher antioxidant potential, the increase over it was not observed with gamma irradiation, while Hara soya and NRC37, due to their lower antioxidant ability showed an increase in antioxidant potential with gamma irradiation.
CONCLUSION
All three soybean genotypes showed significant decrease in LPO at 0.5 kGy as compared to unirradiated control. Hara soya with green and NRC37 with yellow seed coat color showed maximum enhancement in antioxidant properties at 0.5 and 2.0 kGy.
